Project-based learning (PBL) has been thoroughly integrated in university sustainable development curricula, but has not been well-established in curricula used at pre-university educational levels. Integrating real-world settings into the teaching of secondary school students can help to promote problem-solving skills and competencies at younger ages, which is a crucial task in sustainability education. Therefore, in this article we describe the results of a case study on the development of sustainable food products that involved a university and two secondary schools in Austria. The methods used in this case study were drawn from the transdisciplinary case study (TCS) and the PBL literature. Data were collected by carrying out participatory research methods such as photovoice, focus group discussions, food diaries, student evaluations, and surveys. We divided the study design into three phases: (1) exploration, (2) product ideation, and (3) product prototyping and optimisation. The case study illustrates that the use of PBL research approaches by students at different levels of education provides promising results, if the research process is clearly structured and managed. When a demand for learning is encountered by students, secondary school teachers and university researchers must provide the students with additional sources of information. The establishment and management of a transinstitutional research setting is a promising, yet time-consuming endeavour.
Introduction
Scholars widely agree that the most pressing problems of modern society can only be addressed by merging concepts and methods from different disciplines. In addition to these interdisciplinary research approaches, scholars also consider transdisciplinarity (TD) to be a promising research paradigm that supports the movement of transformational processes towards sustainable development [1, 2] . TD is considered as a research process that involves interactions between scholars and practitioners [3] and thus goes beyond disciplines [4] . According to Ramadier (2004, p. 424) [5] , what differentiates TD from pluri-and interdisciplinarity is that it "concerns the articulation between disciplines, rather than their relations." Furthermore, TD differentiates from mono-and interdisciplinarity in that knowledge and values from society are integrated into the production of knowledge [6] . TD gained momentum due to the view that addressing the world's most pressing problems (e.g., biodiversity loss, global warming, social challenges) can only be successful through enabling mutual learning processes between science and society [7] . TD has consequently been included in many sustainable development curricula, and has become popular within the Educational for Sustainable Development (ESD) framework [8] [9] [10] [11] . In part, the popularity of TD stems from the fact that integrating real-world problems into teaching enhances the students' ability to systematically understand interlinked social, economic, and environmental factors, encouraging them to use different modes of thinking [9] . Here, learning processes serve as conceptual links between research and teaching, allowing the identification of innovative solutions that support a sustainable future development [3, 12] . Furthermore, learning in TD approaches focusses on the mutual exchange rather than traditional, individualized learning of case agents [6] , and the co-construction of knowledge and participation are important concepts therein [13] . Participatory research approaches have also gained an increasing amount of recognition at the European level as part of the Responsible Research and Innovation (RRI) framework, because they are considered to democratize knowledge production and transform scientific research from a closed into an open activity [14] .
In food and nutrition studies, an increasing amount of attention has been paid to approaches that can be taken to enhance young people's food knowledge and competencies, helping them make well-informed food decisions that lead to healthier food practices. In this respect, the term food literacy emerged and is used to "describe the everyday practicalities associated with healthy eating" [15] (p. 50). As such, professionals in the food industry consider this concept as promising, using it to enhance the students' understanding of the food system and related issues [16] . Generally, food literacy refers to an enhancement of knowledge about basic commodities, such as how to prepare food, judge food quality, apply basic principles of food hygiene and understand personal needs to attain a balanced food intake. Young people have experienced positive changes as a result of food literacy interventions in several food literacy programs [17] . However, the scope of these programmes has been relatively narrow; young people were taught simple food-making skills (e.g., in cooking classes) [18] , but the education did not include aspects of food technology, food engineering or sustainability as core elements [19] . When combined with sustainability education, however, food technology education (FTE) can help students develop an enhanced understanding of the underlying scientific concepts and broaden their knowledge of food-related issues, including the social and ecological consequences of food usage. Thus, combining FTE and sustainability education can help students better prepare themselves for citizenship and employment [20] .
Our analysis of the relevant literature revealed two gaps, which are addressed in this article. First, while TD is well-established in academic settings, the concept has received less attention on pre-university educational levels. Second, food literacy approaches have tended to focus on food-making skills; this case study broadens the food literacy concept by associating it with sustainability education and FTE through project-based learning (PBL) as a didactic framework.
In this article, we describe the results of a research approach taken to enhance food literacy amongst secondary school students. The research was carried out to determine how food technology and sustainability education could be promoted amongst secondary school students. The first objective of the research was to explore the students' food decisions by applying participatory research methods. The second objective, based on the initial findings, was to identify and produce sustainable food products by students for students. In Section 2, we outline the conceptual foundations of the case study. In Section 3, we present the results of the data collection. We then compare these results to those appearing in the PBL and transdisciplinary case study (TCS) literature. In Section 4, we state PBL findings and lessons in a transeducational research setting. A final summary and conclusion is provided in Section 5.
Case Study Background

Conceptual Background
In our case study, the applied TD research approach included the following three dimensions: (1) the integration of complex and multidimensional real-world problems (i.e., in our case study, the development of sustainable food products); (2) the involvement of interactions between scholars and practitioners, therefore transcending "[ . . . ] academic boundaries to incorporate collaboration and mutual learning" (i.e., in our case study, the collaboration among students, teachers, and researchers); and, (3) the choice of a method that iteratively reflects a specific problem and its context from multi-perspectives (i.e., transdisciplinary case studies (TCS) [21] (p. 255)). In the mid-2000s, TCS were developed by the Natural and Social Sciences Interface in Switzerland as a research methodology for teaching and research on complex social, ecological and economic problems [22] . This methodology is based on the idea "[ . . . ] of educating students in real-world settings" [23] (p. 432). Since that time, it has been integrated into several curricula of Sustainable Development (SD) study programs [11] .
TCS combines three components, namely, (1) case studies, (2) TD, and (3) sustainable development [24] , and draws on PBL as a didactic framework [25] . While researchers have more frequently used case studies to connect problems with scientific theories, TCS differ from simple case studies in that (a) the design types are embedded in single cases rather than in holistic and multiple cases, (b) the researchers using TCS are motivated to conduct research for intrinsic rather than instrumental reasons, (c) the epistemological status is descriptive rather than exploratory or explanatory, (d) the case formats are unstructured rather than highly structured, (e) the processes of synthesis are driven by formative methodology rather than by informal empathic intuition, and (f) the scientific typology is transdisciplinary rather than monodisciplinary or interdisciplinary [24] .
One goal of carrying out TCS is to use unique modes of sustainability learning. Sustainability learning can be understood "[ . . . ] as the learning of individuals and human systems such as groups, organisations, and human societies, which aims to achieve and facilitate sustainable development" [26] (p. 2877). In this regard, sustainability learning is distinct from social learning, because not all outcomes of the latter support long-term sustainability [27] .
The prerequisite choice of an adequate problem drives sustainability learning [25] . The problem must be both ill-defined and allow interactions between learning agents, such that a demand for learning is triggered. In such situations, TCS can elicit the so-called 'pull-concept for mutual learning' [12] . While linear learning concepts (i.e., learning in mono-and interdisciplinary settings) are based on the assumption that learning takes place at three hierarchical levels (i.e., knowing, understanding, applying), the pull-concept for mutual learning is based on the assumption that learning (i.e., learning in TD settings) occurs as a result of an ill-defined problem. Thus, "[...] a situation arises where the application of as yet incomplete knowledge takes place," such that "[ . . . ] students become intrinsically motivated and themselves wish to gather knowledge as a tool for problem solving [ . . . ]" [12] (p. 283-284). As a consequence, a circular ( Figure 1a ) rather than a linear relationship ( Figure 1b ) exists among knowing, understanding, and applying. Consequently, the students-not the teachers-play the most active roles in such research settings. Nevertheless, the teachers are responsible for providing an organisational framework that includes milestones, outlines, and contents acceptable to all case agents, so that they want to participate throughout the project [12] . As a result, in such a learning setting, the students change their roles from knowledge receiver to knowledge producer, and teachers from knowledge deliverer to interactive learning designers [28] . In addition, TD learning is distinct from mono-and interdisciplinary learning (ID learning) because mono-and ID learning build on a discipline or a mixture of disciplines to solve problems, whereas TD learning "[ . . . ] facilitates collaborative learning through a shared conceptual framework" [28] (p. 84). In our case study, the collaborative learning took place along the students' projects, and TCS served as the shared conceptual framework.
In general, three principles drive learning in project-based case studies: (1) The learning process is centered around a focal point, represented by a case or problem that the students try to define and solve; (2) cooperative learning takes place among the students and with people outside academia;
(3) and the students plan, conduct, and communicate the results of their projects as a team, whereby group processes and their management are vital [23, 25, 29 ].
Case Study Design
The aim of this case study was to enhance competencies related to food, food technology, and sustainability among secondary school students in Austria. Three observations gave rise to the study. First, many adolescents in Austria do not follow national dietary recommendations, and the prevalence of obesity among 11-to 15-year-old adolescents is high (15%-20%) [30] . Second, studies have not been carried out to determine when adolescents begin to make their own food decisions. Third, interdisciplinary, educated employers in the food industry need to critically examine the food system they work in, so they can face the challenge of feeding nine billion people by 2050 [31] .
The study involved 117 secondary school students aged 15 to 19 years. Fifty-six students attended a nutrition and agriculture school (School A), and 63 students attended a polytechnical school (School B). The research was embedded in two subjects taught at the two schools (i.e., project management at School A; ethics at School B) and was carried out over four semesters from September 2017 to July 2019. The research team consisted of researchers from different backgrounds (i.e., two sustainability researchers, three nutrition researchers, three food technology researchers, and three teachers (two from School A, one from School B)).
Based on the three principles of PBL mentioned in 2.1, we assigned the students a project task to develop sustainable food products for their peer group. Therefore, they formed groups, and the researchers and teachers served as the project facilitators. The project management was supported by the open-source e-portfolio management system Mahara [32] . During the case study, the schools had different thematic foci. While both schools contributed equally during phases one and two, only School A was involved in phase three of the project, since only this school had access to a functional kitchen and sufficient time resources for the students to develop their food products.
At the beginning of the study, a research coordination team (RCT) was introduced. The RCT consisted of two university researchers, two secondary school teachers, and two students. During the regularly scheduled RCT meetings, participants discussed milestones and planned activities and exchanged feedback about past collaboration. Thus, the RCT served as an instrument to encourage creative exchange among the case agents. It also helped them apply their perspectives to planned activities and establish a mutual understanding of the research goals, which is a crucial aspect in TD research projects [1] .
Another important issue in TD is the research progress evaluation process [33] [34] [35] . Thus, the evaluation process was initiated once research commenced. During the first plenary meeting, we gathered oral feedback from the students about conducted workshops. The evaluation process included informal discussions and feedback meetings at the end of each semester with the students, teachers, and researchers. In general, the research process encompassed three phases: (1) exploration, (2) product ideation, (3) product prototyping and optimisation ( Figure 2 ). The research design also was based on design thinking, a well-established method in PBL [36] that is commonly used to develop food product innovations [37] . A design thinking process has three "spaces": inspiration, ideation, and implementation. The first space is constituted by the identification and analysis of a problem; the second involves a process of synthesis, during which the analysed problem is distilled into ideas; and the third includes the prototyping and optimisation of a product or service [38] . The phases, the applied methods, and the didactic approaches are described below. 
Phase One: Exploration
The first phase started with a kickoff meeting, during which several thematic workshops were conducted. In one workshop, the project milestones, methods, and contents were presented and discussed. In another workshop, we introduced the students to Belasco's food triangle [39] , which served as heuristic to explain how food choices are made. In principle, this triangle indicates that food choices are influenced by interactions among the three dimensions of identity, convenience, and responsibility. At this time, we asked the students to prepare a menu for themselves and three fictitious persons who each had specific food demands (i.e., one who was a vegetarian, one who was dieting, and one who was an organic milk farmer). The students had to choose an attractive menu that considered the persons' food preferences and describe why they chose this menu. It was necessary to establish a common language, as a crucial step in TD research studies [2] . Therefore, we introduced the students to basic scientific terms such as research question, hypothesis, scientific methods, data collection, documentation, and assessment.
After the kickoff meeting, we gathered data on the students' food consumption behaviour and perceptions. An online survey was sent out, which included questions about the students' (a) food preferences, (b) knowledge about nutrition and food technologies, and (c) dietary habits. These questions were taken from a questionnaire used to assess the health behaviour in school-aged children [40] .
Up until this point in the study, research on, rather than by and with, the students was conducted. Therefore, we integrated the students into the data collection process by the means of photovoice and food diaries. Photovoice is a participatory action research method that encourages participants to take photographs and reflect on their specific contexts in focus group discussions [41] . Photovoice was chosen because it has been successfully applied to young people to explore several food-related domains such as health, food literacy, and food justice [18, 42, 43] .
Initially, the students took photos that depicted positive and negative food consumption situations they encountered daily and commented briefly on them ( Figure 3 ). Subsequently, the photos served as stimuli to initiate the focus group discussions on the students' food consumption decisions. Eight focus group discussions that lasted between 35 and 45 min were conducted. A broad spectrum of food topics were discussed, including students' emotions and perceptions towards their food consumption decisions. In addition, over the course of a week, the students gathered data on their food consumption decisions with food diaries (i.e., type of food, quantities, time of day). The students also took notes on different contexts, such as why they chose their meals and whether they took their meals alone or in company. 
Phase Two: Product Ideation
The second phase (i.e., second semester) started with a plenary meeting, in which study participants presented and discussed the obtained data from phase one. The researchers presented results of the survey and focus group discussions, and the students presented results from their food diaries. The group drew conclusions on the students' eating habits, which were summarised on flipcharts and in student protocols. The goal of the second phase was to create food product ideas and translate results from the exploration phase into specifications for the product ideas. The students identified food product ideas with the help of personas. A persona is a fictitious individual in design thinking that represents a typical user, which is used to extrapolate from the persona to scenarios of use [44] . In small groups, the students wrote down information about a typical food consumption day, including personal attributes and how these affected their personas' food consumption decisions (Figure 4 ). This process helped them identify food product ideas that matched their personas' needs. After the students voted on the best ideas, five food product ideas entered the third phase. Subsequently, the students filled out product specification sheets (PSS) that included the categories youth-specific, technological, ecologic, social, economic, and health ( Table 1 ). At the beginning of phase three (i.e., the third and fourth semester), we trained the students to conduct basic food analytical experiments and taught them sensory analysis methods. After the first prototypes had been developed, the students conducted physical, chemical, and sensory experiments to optimize their products with respect to specific parameters (i.e., relative tenderness, sugar content, water content, pH value). The students also conducted shelf-life tests by conducting pasteurisation and sensory tests.
A central element of the product development process was the documentation of the learning process. Therefore, the students wrote laboratory protocols, documenting the materials and methods used, product recipes, goals, results, and open questions resulting from the experiments. During meetings with the researchers, the students discussed obstacles that occurred in the experiments and their implications for the product development. Thus, these meetings helped the students to optimise their food products. In addition, the students checked whether their current prototype versions were in line with their defined PSS throughout this process (Table 1 ). This optimisation process was iterated three times. Thus, the optimisation took place in iterative steps, as denoted by the red arrow in Figure 2 . The final products were presented in a public event at the end of the research project, and acceptance tests were conducted. The results of the data collection are shown below.
Results
The survey results and food diaries revealed that most students in both schools did not comply with national nutritional recommendations. For instance, almost half of the students indicated that they eat meat more than three times per week. Only ten percent of the students complied with the daily recommendations for vegetable and fruit consumption, and nearly two-thirds of the students consumed fast food at least once a week. A closer examination of the data revealed that the students from School A ate vegetables and fruits more frequently than the students from School B, whereas the students from School B ate more meat. Overall, the survey results showed that students from School A had slightly healthier eating habits. Concerning their food preferences, students from both school types indicated that the product qualities of taste, health, animal welfare, and the appearance were important to them. We observed differences between school types regarding the food qualities seasonal, local, and fair prices. The students from School A indicated preferences for higher food qualities than the students from School B. The food qualities of vegetarianism and veganism were unimportant to students from both school types. The students from School A performed better on questions about nutrition and food technologies.
Nearly 200 photos were documented as part of the photovoice method. The photos and their associated comments (e.g., "I like to eat Pizza even though it is not the healthiest food," Figure 3 ) served as inputs for the eight focus group discussions. The discussions helped participants gain a mutual understanding about the students' food consumption decisions, food preferences, and underlying values. For instance, the students commented that they had little time to eat during school, which significantly influenced their food consumption decisions, causing them to favour snacks and fast food. Many male students seemed to be concerned with high protein intake, because they were doing sports (i.e., weight training), and consumed protein-rich products to support muscle growth or preferred to eat meat-based products rather than vegetarian alternatives for organoleptic reasons. Although the students stated that they consumed fast food frequently, the discussions revealed that homemade, regional, and seasonal food were important to them. In addition, sustainability topics such as products from organic cultivation, fair wages, and animal ethics were addressed as central themes.
One critical moment of the project was the point at which the results from the exploration phase were integrated into the product development, which was approached by means of a design-thinking workshop and the PSS. In the workshop, the students contributed food product ideas for each persona, which were linked to the persona's personal attributes (e.g., 'enjoys eating snacks,' 'drinks water and energy drinks,' see Figure 4 ). For instance, one persona was described as an individual who was always hungry at school, because he or she practiced sports regularly and was currently experiencing a growth spurt. As a result, the students came up with the product idea of 'energy-bites,' a small praline rich in energy and fibre. A list of ten product ideas was gathered. After votes were cast, the study participants decided that the five product ideas-energy bites, cheese chips, smoothie, cereal bars, and pasta muffins-would be transformed into real products.
Furthermore, the study participants presented and discussed the results of the exploration phase in a plenary meeting. With the assistance of the researchers, the students defined specifications for six categories, and a detailed PSS was created for each product. For instance, they defined that their final product should fulfil the health criterion 'reduced salt content' and that the ingredients should come from local farmers ( Table 1) . During the product development process, they checked whether or not the current version of the product was in accordance with their defined specifications.
From this point onward, the students developed and optimised their food products by carrying out a series of experiments. Below, we describe the main findings of this project, and their implications.
Discussion
In this case study, the students worked on the project to develop sustainable food products. Thus, a real-life scenario was established that simulated the professional environment of food product engineers. During the first phase, they explored their food consumption habit by taking participatory and creativity-driven approaches that include photovoice, focus group discussions, food diaries, and elements of design thinking. These methods were chosen because they are useful when the research goal of a research is to collect narratives about the everyday food practices of adolescents [45] .
In all phases of the case study, the students were not provided with an a priori solution regarding the appearance of their food products. Instead, we encouraged them to engage in repeated cycles of planning, action, observation, and reflection [46] , with the researchers and teachers serving as project facilitators and process guides. Such periods of reflection support experiential learning processes and enhance the students' understanding of sustainable food systems [47] . Consequently, this self-directed learning approach resulted in a circular, rather than a linear, learning process (Figure 1) .
The key drivers of this process, which both generated a demand for learning and constituted the learning process, were the PSS and the experiments. This will be illustrated by two examples. Over the course of the product prototyping, the students checked whether their prototype versions matched the PSS. One team produced a berry smoothie, which had a highly positive sensory test result. However, when they examined whether their prototype was in line with its respective specifications, they found that the specifications 'local food ingredients' and 'low costs' were not met, because most berries were locally available only in July, and their costs were too high. Thus, the students identified a conflict between the ecological and economic dimensions. Another team that developed cheese-flavoured chips experienced a similar issue. The student team initially planned to produce chips via a thermic treatment process (i.e., grating the cheese onto the chips and baking them in the oven), then to add seasonings such as herbs and spices. However, this version turned out to be too high in fat and too salty, and thus failed to meet the health specification. Consequently, both teams attempted to find solutions to these problems. Together with the teachers and the researchers, they discussed alternative approaches they could use to make their food products, and iteratively changed their product process based on the provided feedback.
In the first example, an apple-pear-yogurt smoothie was chosen because the ingredients were locally available during the whole year; at the same time, this version of the smoothie was cheaper than the former version. In the second example, the students suggested the idea to produce a dough that consisted of flour, potato starch, cheese, and seasonings (i.e., rosemary, caraway seeds). The students produced batches with different organic meal types (i.e., rye, spelt, wheat, whole grain meal), meal-to-starch ratios, and types of cheese. In this way, the fat and salt contents could be reduced, leading to a healthier product. After each trial, the students checked their current solutions against the respective PSS to create an acceptable product.
Thus, the use of the PSS categories helped the students understand that designing sustainable food products involves making complex decisions, especially when several dimensions of sustainability need to be considered simultaneously. When they checked the different specifications of their prototypes, they found that it was not always possible to match all categories and that the results in these categories could sometimes conflict.
During the experiments, two crucial aspects that enabled deeper learning processes were documentation and result interpretation. The students referred to their laboratory protocols while discussing the obstacles they encountered during the tests with the researchers. At first, the documentation seemed less important to the students. However, the longer the project lasted, the more care they took to properly document their activities. For instance, students who lost a protocol, which included lessons learnt from the past experiment, could not build on these results. Furthermore, students learned that results obtained from unstructured experiments were unreliable, forcing them to repeat these experiments to achieve repeatable results that could be used for optimisation of the production process. In this sense, the students engaged in learning cycles that then allowed them to optimise their food products ( Figure 2) .
University researchers should be aware of certain aspects when they apply a PBL research setting in secondary schools. For instance, researchers must provide a clear introduction to the topic and explain the basic concepts before addressing the respective projects. Furthermore, PBL generates a demand for learning, such that the students want to attend further classes and, therefore, learn new methods and competencies [48] . However, secondary school students usually cannot select specific subjects during a semester or in the next semester. Therefore, the researcher needs to provide additional information in the form of thematic workshops and motivate the students to work on their projects.
Planning and managing a case study that involves different school types also requires a significant time investment. For instance, to set up plenary meetings, one must identify dates that fit the timetables of both schools. For this reason, group meetings and personal exchanges among the students from both school types took place three times. The first took place at the beginning of the case study, and the other two at the end of each project year. Because only School A was involved in the production and optimisation of the food products (due to the presence of a functional kitchen in this school), School B only played a minor role during the third project phase.
To encourage learning, researchers must define a suitable project that is ill-defined, in the sense that the result of the project remains open-ended. However, a project goal needs to be clearly stated, and the number of abstract theories introduced should be held to a minimum. Otherwise, situations can arise in which students just perform surface learning or strategic learning, and this, combined with motivational deficits of students, would limit their ability to engage in deeper learning processes [46] . In this study, only Belasco's food triangle [39] was introduced as an abstract theory, which explains human food decision-making as an interplay among three dimensions. It was chosen because it is a rather simple concept, which helped the students to understand the project context.
A crucial element of TD research approaches involves the integration of values from society into the research process [2] . In this regard, the students' values were discussed in eight focus group discussions and then translated into the PSS. This allowed the students to mutually explore their food consumption decisions and preferences.
When establishing a suitable project, researchers must bear in mind that the students' knowledge about certain subjects and contexts might be limited, either within the whole class, unevenly distributed among group members, or between groups. For instance, during the first research phase, the students from School A had to present the results of the food diary elicitation using simple descriptive statistics and graphical representations. While the teachers claimed that the students could work on this task without supervision, this was not the case. Therefore, the researchers needed to provide the students with additional information. In this respect, the students started the learning cycle on the first hierarchical level (i.e., knowing how to use descriptive data to create simple numeric data sets) and, with the help of a handout, applied this knowledge to the case of the food diaries (i.e., understanding). However, an evaluation of whether the students could apply their statistical knowledge to other contexts as well, which would imply a higher level of learning, was not within the scope of this research. Future research could be conducted to evaluate these levels of learning.
Another critical aspect of the case study was to maintain a participatory and cooperative learning setting that allowed all case agents to engage mutually. Three considerations helped in this regard. First, adequate research methods were chosen (i.e., photovoice and design thinking). These research methods are known to foster students' participation and motivate students to perform self-regulated learning [49] [50] [51] . Second, the RCT was established to maintain co-creation in the initial phase of the research. Third, the researchers occupied different roles regarding different issues, as is common in TD research [52] . Wittmayer and Schäpke (2014) [53] proposed a framework within which they identified the different roles: (a) reflective scientist, (b) process facilitator, (c) change agent, (d) knowledge broker, and (e) self-reflexive scientists. These roles are usually defined by the different research activities carried out and issues addressed. In this research, the researchers served as process facilitators, meaning that they did not provide fixed solutions to the problems the students encountered during their project. For instance, when the students discovered that their initial prototypes did not comply with certain specifications, the researchers led discussions on how the students could address this problem. In addition, the researchers occupied the roles of change agents and knowledge broker, while motivating the students to optimize their food products and participate in the experiments. As suggested by Roessingh and Chambers (2011) [54] , the researchers and teachers encouraged the use of periods of reflection, self-reflection and the continuous assessment and monitoring of learning to guide the case agents through the research process.
Results of this research show that, when FTE and sustainability education are combined, Science, Technology, Engineering and Mathematics (STEM) knowledge can be integrated with sustainability knowledge and competencies. As such, this approach can be taken to educate a new brand of food engineer, "[ . . . ] that thinks critically about the co-construction of public welfare and the technological system in which he or she works" [55] (p. 30). This is extremely important, because future food engineers must address new topics and dimensions such as innovation, partnerships, and social responsibility [56] .
In an article about the future of sustainability science, Miller et al. (2014) [57] posed three core questions that researchers must address to promote learning for sustainable development. One of these questions, "How can research and education institutions facilitate transdisciplinary research and education and enable social learning?" [57] (p. 243), was central to this case study. A transinstitutional approach was taken in the current case study, involving two secondary schools and a university. Although real-world, PBL settings have been thoroughly integrated in SD curricula of many universities, less attention has been paid to such PBL approaches at the secondary school level. This case study provides an example of how different education institutions can facilitate research projects in a transinstitutional manner.
Conclusions
In this article, we describe the results of a study in which a PBL research approach was taken in two secondary schools. As Lehmann et al. (2008) [58] stated, PBL education in the sustainability domain needs to allow for interplay, mix, and diversity. Therefore, an open-ended research design was chosen; the students played the most active roles and the researchers and teachers acted as project facilitators and knowledge brokers. The thematic background of the case study was the development of sustainable food products for students by students. Thus, a real-world setting was established, and the students worked on their projects in three phases. The students applied participatory methods to explore their food consumption decisions and preferences (Phase 1). Subsequently, the obtained data were integrated into the food product development process using PSS (Phase 2). One limitation of the study was that the students' levels of learning ( Figure 1 ) was not evaluated as part of this research.
One goal of the case study was to raise the students' awareness of the multiple processes and dimensions that food engineers need to consider when developing sustainable food products, such as technological, ecologic, social, and economic aspects. Here, the introduction of the PSS and the experiments helped the students optimise their products. During this process, the students found that matching different specifications simultaneously can result in conflicting situations, whereby some specifications can be mutually exclusive. Unstructured documentation of the experiments led to unreliable results, and these needed to be repeated before the results could be incorporated into the prototype optimisation process. Hence, the students engineered sustainable food products from scratch and, as they went through their product development process, engaged in iterative learning steps. Such experienced-based learning approaches are suitable for the initial development of sustainability competencies [59] .
Based on the findings of this study, more scientific approaches should be established, that integrate STEM and sustainability knowledge into secondary-school subjects. These approaches should place an emphasis on the teaching systems and life-cycle thinking during the design phase of projects that involve the development of food products. In this regard, didactic concepts that bridge engineering and sustainability concepts must be chosen carefully. In summary, the case study findings illustrate that PBL research approaches can be used at different education levels to achieve positive results, if the research process is clearly structured and managed. To encourage secondary-school students to learn, teachers and university researchers need to provide additional information and resources.
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